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Abstract: This article presents the first results obtained from the use of high-resolution images from
the SAR-X sensor of the PAZ satellite platform. These are in result of the application of various radar
image-treatment techniques, with which we wanted to carry out a non-invasive exploration of areas
of the archaeological site of Clunia (Burgos, Spain). These areas were analyzed and contrasted with
other sources from high-resolution multispectral images (TripleSat), or from digital surface models
obtained from Laser Imaging Detection and Ranging (LiDAR) data from the National Plan for Aerial
Orthophotography (PNOA), and treated with image enhancement functions (Relief Visualization
Tools (RVT)). Moreover, they were compared with multispectral images created from the Infrared
Red Blue (IRRB) data contained in the same LiDAR points.
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1. Introduction

In this article, we mainly present results of the exploration and analysis of a set of
Synthetic-aperture radar (SAR) images from the Spanish PAZ satellite applied to non-
invasive archaeological prospecting. The works consisted of the generation of images from
SAR data and comparing the results with those received from the exploitation of other
sources, such as multispectral images (National Plan for Aerial Orthophotograph: PNOA,
TripleSat) and LiDAR. In principle, our project—Application of Radar images of the PAZ
Satellite in the Detection of Archaeological Remains (ARQPAZ, Project AO-001-018)—focused
on the archaeological site of La Clunia, (Figure 1), which is located near the town of Peñalba
de Castro (Burgos, Spain), on a hill called El Alto de Castro.

We know from Salustio (Hist., 2, 93), Tito Livio (Periocas, XCII), Plutarco (Sertorio, 9),
or Floro (2.10.9) the first references to the pre-Roman Celtiberian city of Clunia, connected
to the Sertorian wars. The sources do not make it clear if it was located in the nearby
hills, or at some point at its final location, after it was founded by the Romans. This
foundation would occur sometime between the end of the rule of Augustus, and that of
Tiberius. Clunia would have an important role during the events of 68 AD, receiving from
Galba the epithet of Sulpicia, becoming the capital of Conventus within the province of
Tarraconense. The hill where the site is located has an area of 1.2 km2, of which only 3% has
been excavated since the second half of the 19th century.

However, the excavated remains correspond to large public spaces such as the theatre,
the forum, thermal complexes (Los Arcos), and large private spaces such as the so-called
Casa Taracena. Furthermore, the urban organization of the city does not correspond to a
homogeneous structure, but on the contrary, the provisions of both large public and private
constructions would add up to four possible different orientations (Figure 2).
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Figure 1. Location of Clunia. Sources: National Geographic Institute (IGN), National Plan for
Aerial Orthophotography (PNOA), Maximum resolution (20 cm). (a) Location of Clunia in Spain (b)
Location of Clunia in the Douro Valley (c) Clunia and the Alto del Castro.



Remote Sens. 2021, 13, 2344 3 of 23

Figure 2. The different urban orientations of the city of Clunia: (a) Structure based on the orientation
of the theatre and Taracena House; (b) Orientation based on the orientation of the forum; (c) Orien-
tation based on the set of Termas de los Arcos; (d) orientation detected in [1]. Source: Hill shading
from LiDAR DEM (5 m/pixel) PNOA.

These peculiar characteristics, together with the great extension of the site and the
economic consequences of the 2008 financial crisis, have led to the need to explore the
hill with non-invasive methods mainly associated with remote sensing. Previous work by
our team focused on exploring the possibilities of analysing infrared images and LiDAR
point clouds obtained by the state through the National Plan for Aerial Orthophotography
(PNOA) and SPOT-5 multispectral images. These were focused on a single area of the
archaeological site and were combined with geophysical prospecting applied in selected
sectors by the SOT (Catalan for “Hole”) —Archaeological Survey Company. For this
survey, electromagnetic technique, using the Grad601 fluxgate gradiometer manufactured
by the Bartington Instruments Ltd. company, was applied in a very specific sector. The
geophysical survey was carried out on a series of three grids measuring 20 × 20 metres on
each side, each with N–S orientation; thus, forming a total area of 20 × 60 metres.

This work allowed, among other results, to determine one of the aforementioned four
orientations that would structure the urban organization of the city [1] (pp. 142–143).

On the other hand, the first instrumental uses of SAR started being used in 1978, but
it was not until the mid-1980s that the data from SIR A and SIR B were applied in geo-
archaeological studies associated with ancient riverbeds [2,3], ancient cities such as Ubar
(Oman) [4], and the location of Mayan irrigation canals [5,6]. However, these investigations,
due to the spatial resolution of the sensors at the beginning of the new century, were limited
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to still-preserved monuments, cultural landscapes, paleo-landscapes, and canal systems.
Since the launch of the TerraSAR-X and COSMO-SkyMed platforms in 2007, it has been
possible to access high-resolution data at the scale of 1 m from Very High Resolution (VHR)
SAR sensors, applying them to the detection of archaeological remains. However, the
penetration capacity of these sensors in the X band is very limited, as compared to others
that work in the L and C bands [7] (pp. 71–75). It should be added that PAZ, such as
TerraSAR-X, works on the X band.

The effectiveness of the TerraSAR-X image analysis applied to large old buried infras-
tructures was shown in the work prepared by Monterroso and Martinez [8]. These authors
located sections of the Roman road near the ancient Roman city of Mellaria (Cordoba,
Spain) under cereal fields and in conditions of high humidity. On the other hand, they
also found remains of medieval roads, paved with gravel and built without elements that
would allow their drainage. This caused the accumulated humidity to be transmitted to the
soils superimposed on said infrastructures. As conclusions, they indicated that SAR data
acquisition in high humidity and rainfall conditions in cultivated fields revealed better
potentials; in non-cropped landscapes, however, according to the authors, thermal and
RGB photography analyses were better.

The PAZ satellite, equipped with the SAR sensor, was put into orbit in February
2018 by Hisdesat [9]. Specifically, the instruments consist of an X-Band SAR radar which
allows working in four basic image modes—Spotlight, HR (High Resolution) Spotlight,
StripMap, and ScanSAR—with various polarizations—single and dual. After the start
of its operation, a call for an opportunity offer was opened by the National Institute of
Aerospace Technology (INTA). This allowed us to access a set of SAR X-Band images to
test its potential as an exploratory tool. We worked specifically with the Spotlight product,
which has a resolution of 1.25 m/pixel.

Furthermore, the importance of the use of various non-invasive techniques for the
detection of archaeological features in the landscape should be noted. There is varied
literature on this topic, where we can see examples such as the use of multiple vegetation
indices applied to hyperspectral images, and combined with geophysical surveys, which
has allowed the highlighting of crop marks in the buried Roman remains of Carnuntum
(Austria), the underground structures of Selinunte in the south of Italy, and the buried
street relics of Pherai (Velestino) in central Greece [10]. Other cases combining non-invasive
techniques applied to underwater environments, such as multi-beam echo sounder (MBES),
and sub-bottom profilers (SBPs), can be found in the reconstruction of a medieval harbour
using hydro-acoustics, 3D shallow seismic and underwater photogrammetry in the Sothern
part of the Baltic Sea [11].

Finally, the ARQPAZ project aims to study the behaviour of radar images in three
different environments associated with three archaeological sites, in which we have previ-
ously worked with non-invasive exploratory investigations: Oxirrinco [12], Cosa [13], and
finally—Clunia. This work presents the results of the first evaluation of the possibilities of
the SAR-X images of PAZ in the archaeological site of Clunia.

2. Materials and Methods Used

Our project focused on the following digital sources of information (Table 1): SAR
images of PAZ, LiDAR point clouds of the National Geographic Institute (IGN) with
information from IRRB bands, images of old NIRGB (Near Infrared Green Blue) flights of
the National Plan for Aerial Orthophotography (PNOA, IGN), and TripleSat multispectral
imaging.
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Table 1. Technical information on the data sources used.

Source Dates Resolution Description

PAZ
Spotlight

29 August 2019;
09 September 2019;
20 September 2019;

01 October 2019;
13 July 2020

26 August 2020

Range asc:
1.25 m/pixel

Polarization: HH
Ascending

Triple SAT 2 18 Jun 2016;
08 October 2017

PAN 0.8 m/pixel
MS 3.2 m/pixel

PAN: 450/650 nm
Blue: 440/510 nm

Green: 510/590 nm
Red: 600/670 nm
NIR: 760/910 nm

LiDAR IRRB 10 September 2010;
0.25 pixel/m2

0.5 point/m2

First coverage.
Altimetric accuracy
cm: RMSE Z <=20

IR, R, B bands

PNOA
NIRGB

PNOA 2007 (22 April–28 July);
PNOA 2009 (03 July–13 July);
PNOA 2011 (14 Jun–31 July)

GSD: 50 cm
25 cm
50 cm

NIR, G, B bands

The SAR images, with HH polarization, were captured during the months of July
to October 2019 and 2020, and the LiDAR point clouds correspond to 2010 and 2011. On
the other hand, we also wanted to contrast the results with high-resolution multispectral
images. In this case, we chose images captured by the TripleSat 2 satellite, which is
part of a network together with two other satellites with the same characteristics. The
TripleSat satellite, put into orbit in 2015 [14], provides a panchromatic band at 0.8 m/pixel
resolution, and four bands at 3.2 m/pixel (NIR, Red, Blue, Green). The acquisition of
these multispectral images is tried to coincide with the summer and autumn periods,
corresponding to 2016 and 2017.

In the case of the PNOA IRGB photographs, after careful analysis, we used in our
work those corresponding to the years 2007, 2009, and 2011. These flights were conducted
during the summer periods, in 2009 in July, and in 2011—in June/July). We cannot confirm
the specific moment of the 2007 image, since the metadata information indicates the capture
between the months of April and July. The images have a resolution expressed as a ground
sample distance (GSD) of 50, 25, and 50 cm correspondingly.

We mainly used the SNAP v8.0 (Sentinel Application Platform) program of the Eu-
ropean Spatial Agency (ESA) developed jointly by Brockmann Consult, SkyWatch, and
C-S, for the treatment of both the supplied radar images, as well as the TripleSat optical
images, and also the free software program QGIS v.310.13-A Coruña, an application under
GNU GPLv2, to visualize the results, superimpose them, and contrast them with other
information from other layers. ESA’s SNAP is a free software, distributed under the GNU
license, and developed and supported by the ESA. It is a software that allows the treatment
and analysis not only of images from the Sentinel sensor program, but also from other
optical and radar sensors—among which is PAZ—too.

For working with LiDAR point clouds, in order to generate IRGB images and Digital
Surface Models (DSM) at high resolution, we used the free software GIS SAGA v7.9.0
(software for Automated Geoscientific Analyses), which provides LAS (LASer) point cloud
data treatment functions. Moreover, it has a wide variety of filters and interpolation
systems, as well as pansharpened functions applicable to multispectral images—such as
TripleSat from a panchromatic band. The SAGA development was initiated by researchers
from the Department of Physical Geography of Göttingen and the Dept. of Physical
Geography in Hamburg.
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Finally, to perform the enhancement of the digital terrain models obtained from the
area, functions of the Relief Visualization Tools program v2.2.1 (RVT) [15] were applied,
which our team had already applied previously in Clunia. The RVT software has been
developed by a research group from the Slovenian Academy of Sciences and Arts, in a
project managed by Žiga Kokalj. At the time, we relied on the studies carried out by
Massini et al. [16] to locate the structures of a medieval fortification in Basilicata (Italy)
hidden under a thick blanket of forest; the Samnitic Hillforts of Civitella (Longano, Italy);
the archaic and Hellenistic urban centre of Satricum (Lazio) analysed using SAGA func-
tions [17], or the record of archaeological traces in the Roman limes of Dacia in Porolissum
(Romania) carried out by Roman et al [18].

2.1. SAR Sources, Techniques Used

Initially, the first set of applied techniques focused on the individual treatment of
the collected radar scenes. The workflow, described by Meyer ([19], and in the work
by Monterroso and Martínez [8] (p. 304)), is characterized by the application of SNAP
radiometric functions such as calibration, radiometric terrain flattening, and that of geo-
referencing as Range-Doppler Terrain Correction.

On the other hand, one of the issues that affect the quality of SAR images is related
to noise speckle. This effect is inherent to the system and is the result of the interference
between the various echoes produced as they interact on the surfaces of the objects. In
recent years, filters have been developed that make it possible to eliminate or reduce the
distortion caused in images by this speckle. Meyer [19] (pp. 23–24) gives a list of the filters
used, such as the Lee, Enhanced Lee, Frost, Enhanced Frost, and Non Local Means filters,
and lists the publications on these types of filters [20–27].

Generally, the noise speckle was solved using the single product speckle filtering oper-
ations of the SNAP program, specifically using one of the filters most mentioned in the sci-
entific literature, the Lee Sigma filter, testing different sizes of windows. The mottling is re-
duced by averaging the values of the neighbouring cells grouped by windows [8] (p. 304).

However, Tapete and Cigna [28] (pp. 11–25) have shown that the joint use of multiple
SAR images at different time points in the same study area can reduce speckle by providing
images of greater clarity than treating them individually. This reduction is carried out
through the co-register function, which implies the creation of a stack of images, with
one referent, and the rest—subordinate. The program then places (collocate function)
samples of the subordinate bands on the reference band using their geographic position
and an automated ground control point (GPC) selection. In this group, the multi-temporal
speckle-filtering function is applied, using the Lee Sigma filter. It is from this point that
it is possible to perform statistical averaging operations that facilitate the generation of
a final image that is more precise and sharp as compared to that obtained from a single
SAR image. This method has also been applied by Stewart [29], focusing on various areas
of Lazio (Italy) with COSMO-SkyMed images, and by the same author (Stewart) [30] at
the archaeological site of Qasrawet (North Sinai) using TerraSAR-X images this time. We
have, therefore, followed the aforementioned procedure to generate an image from a stack
of six images obtained in 2019 and 2020 in the periods from July to October. The result
produces clearly significant results, as can be seen in Figure 3, where we compare the result
of this procedure of applying the multi-temporal speckle Lee filter, with that performed
with an individual SAR-X radar image filtered with single product speckle Lee, applied to
the area from the theatre and the forum/Casa Taracena. In addition, various window sizes
were tested by applying the Lee filter, with Figure 3 showing those corresponding to 9 × 9
(boxes labelled a and e), and 7 × 7 (labels b and f ).
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Figure 3. Comparison of a multi-temporal analysis of SAR-X radar images with individual treatment
in the areas of the theatre (a–d), and Casa Taracena/forum (e–h).

2.2. LiDAR Sources: Techniques Used

First of all, we downloaded the *.las files corresponding to our work area from the
servers of the National Geographic Institute (IGN). We followed the method described
by Massini et al. [16] (pp. 6–7) for the improvement of the DSM, except in the described
part of creating the surface (mesh) from the point cloud. The reason was not to be able
to have the functions described by the authors for the generation of surfaces, because
they are typical of commercial software. For that reason, and to create the DSM with a
resolution of 0.38 m/pixel, the triangulation function of SAGA was used, based on the
Delaunay triangulation. The error and noise points had been filtered in advance, and then
from the resulting point cloud were selected those classified 2 to 6 (base, low vegetation,
medium vegetation, high vegetation, and building). Again, to the recommendations of
Massini et al. [16] (pp. 10–12) regarding the use of the Lee filter. However, their same
recommendations for the Lee filter window size could not be adopted, since the SAGA’s
Lee-based multi-direction filter Lee feature does not allow such a selection. However,
according to the implementers, this function that looks for the minimum variance in
16 directions preserves the edges and is useful in eliminating the speckle noise of the
SAR images or the smoothing of the DTMs, preserving the breaks of slopes and narrow
valleys [31].

From here, the various forms of visualization derived from the MDS provided by
the RVT program were generated, such as the Sky-View Factor, Openness Positive and
Negative, Simple Local Relief Model (SLRM), etc.

The second type of treatment was to work on the values of the IR, R and B bands
contained in the information of each of the points of the cloud registered in the LAS files of
the PNOA. In the LIDAR flights, carried out by the PNOA from 2009 onwards, a combined
flight was applied, allowing to perform simultaneously the capture of the image and the
altimetric information. As of 2015, a simultaneous capture with a four-band image (RGB
and near infrared) was generalized again, with medium-format cameras. This combined
process is described by Lorite et al. [32] as the colour assignment to the point cloud from
orthophotographs from the PNOA Image project, or from the flight itself carried out to
obtain the LiDAR, in the event that this flight included a photographic camera. To give
colour to the point cloud, a process is carried out that consists of assigning to each point
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of the same the interpolated RGB (Red Green Blue) value of the set of pixels of the ortho-
photography corresponding to that areas that are in the same position on the ground.
Apart from giving RGB colour, which is what the point cloud is distributed with, internally,
false colour (NearInfrared Red Blue) is also assigned to the points, adding the infrared
value. Therefore, what we conducted was to use the interpolation functions of SAGA,
triangulation, to first generate individual images for each of the bands contained in the
points, and then make a combination of them in false colour. With the resulting images,
the SAGA function of principal component analysis (PCA) was applied, especially due
to the good result obtained by our team when applying them in the published project on
the Egyptian landscape of the Oxirrinquita nomos [12] with Worldview 2 images, and in
analytics carried out in the Clunia project with SPOT multispectral images [1]. PCA is
a multivariate statistical method used to reduce the dimensionality of the data resulting
in the reduction of redundant information. In general, the first component explains the
maximum proportion of variance of the original dataset [33]. PCA was estimated in the
work presented by Aqdus et al. [34], as the most effective visualization tool for multi- and
hyperspectral images.

On the other hand, the multispectral image obtained from the LiDAR PNOA point
cloud was also applied to vegetation index functions, fifteen in total, provided by the
SAGA GIS program. Let us remember that vegetation indices are effective methods to
detect and quantify plants through remote sensing [35]. However, the variation in data
based on habitat and substrate causes the same index not to work the same in dense
forests, pastures, drylands, desert, or humid areas. This has led to the creation of about
150 vegetation indices [36]. With reference to archaeology, these indices are useful for the
detection of buried structures since they tend to modify the growth and phenology of the
overlying vegetation [37]. Its use in archaeological prospecting has had wide acceptance
and good results both from remote sensing using satellite sensors, and currently—from
UAVs equipped with multispectral cameras.

2.3. TripleSat Sources

The TripleSat images were treated first by adapting their four NIR bands, R, G, B,
at 3.2 m/pixel resolution, to the resolution of the panchromatic, 0.8 m/pixel. The QGIS
pansharpening function was used for obtaining a composite image of 4 bands at a resolution
of 0.8 m/pixel. Next, we proceeded to work with the multispectral image applying the
statistical function of the SAGA principal components analysis, and the aforementioned
vegetation indices provided by the SAGA GIS were applied.

3. Results
3.1. Areas Explored in the Results

We observed the results of all the analyses carried out focusing on four areas of
the Clunia deposit (Figure 4). Two of them are within the limits of the site (forum and
theatre/forum/Cuevas Ciegas area), another corresponds to the borders of the site and one
of the supposed lines out of the city (Cuevas Ciegas), and finally a fourth, not excavated,
located outside the city walls south of the city and corresponding to a funerary route
(Rodeles II).
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Figure 4. Areas explored with the results of analyzing the SAR images of PAZ. (a) Clunia forum.
(b) Forum–theatre–Cuevas Ciegas area. (c) Cuevas Ciegas. (d) Rodeles II. Source: Google satellite
QuickMapServices.

There were various motivations for choosing each of the zones. In the first case, the
forum area (Figure 4a), the reason was the observation of various anomalies in the PNOA
images, also identified in the PAZ image. Surprising anomalies, given that in principle
the space where they appear is the forum square, a space that would have to be free of
structures, unless there had been a previous and/or later occupation of the public space.

In the second case, the theatre/forum/Cuevas Ciegas area (Figure 4b), we wanted to
review the explorations carried out in the article published in 2019. Explorations which,
as mentioned, made it possible to determine a new urban orientation that was added to
those previously known and connected with the monumental spaces of the forum, Casa
Taracena, the theatre, or the Termas de los Arcos. In addition, any information that could
be added to the data of a large area not yet excavated would be of great interest.

The third, Cuevas Ciegas (Figure 4c), had also been the result of a study [1,38–40]
both in terms of the access roads to the city from the plane, and in determining the main
networks drainage of city waters towards the plane.

Finally, the fourth exploration zone, Rodeles II (Figure 4d), was chosen as an element
to assess the capacity of contrasting radar images with quite optimal results for the use of
multispectral images in the detection of anomalies in the landscape.

3.2. The Area of the Forum

In the highest resolution RGB images (Figure 5a), no significant changes are appreci-
ated except for a dark area located NE of the forum plaza, a short distance from the line
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of the forum portico. It is difficult to see a line with a NE–SW direction, and a transversal
with a NW–SE direction. On the other hand, is the contrast with the image of the 1956
flight (Figure 5b), in which the separation limits of properties with the NE–SW direction,
and the delimiting wall of the hermitage with the NW–SE direction can be seen first. In
this case, a first reasoning may suggest that the traces seen in the first image are actually
remnants of the parcel separation. However, in the photograph of the American flight 1957,
there can also be seen two darker zones regarding the rest in the same area, a central area
of the square, and another on its NE side.

Figure 5. (a) Google satellite QuickMapServices. (b) USAF flight 1957.

The possibility of encountering an abnormality in this area increases when we go on
to analyse the IRGB images of the PNOA flights in 2007, and the IRGB image obtained
from LiDAR in 2010. In the first case (Figure 6), we clearly evaluate the lines corresponding
to the land division and the separation wall of the hermitage (aligned black and white
triangles), but also observed in the area’s centre in front of the temple, and the lateral NE of
the forum (ellipses dashed line in black) increases in a hue of red due to vegetation growth.
In the second, the IR R B image (Figure 7a) allows to see, in the central part, the reverse
situation in two areas (polygon with a blank dashed line). This indicates a slower growth of
vegetation and a lack of humus area most to this increase, creating two areas in the centre.
The PCA analysis (Figure 7b), indicates that those construction elements (buildings, roads,
etc.) present a red hue, which is repeated in the two areas mentioned above. It should be
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noted that, in this case, both images are apparently present on the W side of the square,
shown as an arrangement of perpendicular lines.

Figure 6. PNOA 2009, 25 cm. Bands NIRGB.

The analysis of the 2016 TripleSat image (Figure 8a) shows another abnormality in
the area in front of the NE side of the porch of the forum (ellipse dotted line in black).
In this case, apparently, it gives rise to two quadrangular delimited spaces. The NE–SW
alignments do not coincide with the crop parcel subdivisions from the 1956 flight. The
PCA analysis of the multispectral image shows a similar result in the first component
(Figure 8b).

Finally, when we go on to analyze the results of the X-SAR images (Figure 9) of the
PAZ satellite, we find in the central area, in front of the temple, an anomaly with white
tones. This anomaly presents alignments with the NW–SE and NE–SW directions creating
apparent bounded spaces. When we are on the ground, it is not possible to detect revealing
details, such as micro reliefs, that may be associated with the presence of construction
elements, coinciding in principle with what is expected for what would be the forum
square. Perhaps some detail, such as the one indicated in Figure 10, can be appreciated,
but nothing that could suggest that we are on structures or the presence of micro reliefs.

We wanted to perform a deeper analysis of the X-SAR image. To do this, we proceeded
to draw eight lines with a NE–SW orientation with the intention of obtaining the intensity
reading profiles (Figure 11). The SNAP program allows the creation of these profiles from
the tracing of polylines on the image. Observation of the graphs of profiles applied to the
obtained X-SAR image shows a first peak, or followed by a concavity we have identified
as the border of the portico of the forum and the drainpipe. From here, we can find that
the peaks of the curves tend to occur successively in the same position of each of the
samples taken. This could be indicating the presence of longitudinal intrusive elements
(vertical lines in Figure 11). On the other hand, in some of the profiles we evaluated the
presence of profiles, in which the peak is maintained for several meters with few alterations
(horizontal lines in Figure 11), indicating that we may be facing intrusive longitudinal
elements, coinciding approximately with the orientation of the profile line. Therefore,
apparently, it seems that the radar is detecting possible construction elements.



Remote Sens. 2021, 13, 2344 12 of 23

Figure 7. (a) LiDAR IR R G image; (b) Image result of the first component obtained from a principal
component analysis (PCA) applied to the LIDAR IRGB image. Note in the latter how the red color,
associated with altered areas, is observed in the central plaza of the forum and on the NE/SW side.
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Figure 8. (a) TripleSat image from 18 June 2016, bands IR, R, G; (b) First component analysis principal
component applied to image TripleSat of 18 June 2016.
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Figure 9. Image resulting from the multi-temporal application of the co-register function with five
SAR-X images of PAZ.

Figure 10. View of the forum from the temple. Arrows in black indicate an apparent alignment in
front of the temple.
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Figure 11. Profiles of eight samples taken from the multi-temporal SAR-X PAZ radar image. The
red lines are indicating a repetition rate of reading the signal, and, therefore, the presence of aligned
elements.

3.3. The Theatre/Forum/Cuevas Ciegas Area

As mentioned, it was in this area where our team [1] had determined the presence of
traces of urban organization with a N/S orientation, in this case applying other techniques
and digital sources, such as SPOT-5 images. In this case, we have contrasted results of
the radar image (Figure 12b) with the application of the SLRM function (Figure 12c) to
the DTM obtained from the LiDAR point cloud. The use of the second type technique
produces better results than in the first case. These can be seen in Figure 12a.
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Figure 12. (a) Google satellite QuickMapServices; (b) Result of the simple local relief model (SLRM)
function on the DSM obtained from LiDAR PNOA; (c) Image resulting from the multi-temporal
application of the co-register function with five SAR-X images of PAZ.

It is necessary to take into consideration the profound modern high celling division,
observed on the American flight 1956, and which is barely visible today. This greatly
conditions and distorts the results in trace detection. It is true that the plot division and
subdivision itself may be in result of a morphological evolution of the urban organization
of Clunia. However, the period of abandonment, sedimentation, agricultural work, and
pillaging material from its abandonment, in turn may have masked elements as some of
the traces that, if detected in the radar image, have a similar orientation as that of Casa
Taracena, and they do not appear in the image of the 1956 flight, nor in the results of
applying the SLR function to the DEM obtained by LiDAR.

3.4. The Cuevas Ciegas Area

In this case, the observation of the treated image of PAZ (Figure 13c) has provided the
identification of two anomalies associated, on the one hand, with one of Clunia’s waste
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water systems (Figure 13a), identified in previous works [1] through the application of GIS
functions for the creation of a water network from the DEM. This anomaly is not observed
in the rest of the multispectral images IR R B Lidar, PNOA, or TripleSat, except for the
PNOA IRGB image of 2009, and it is only seen in the 1956 flight. This anomaly is not
observed directly on the ground in some change of vegetation (Figure 14).

Figure 13. (a) Google satellite QuickMapServices; (b) USAF flight 1957; (c) Image resulting from the
multi-temporal application of the co-register function with five SAR-X images of PAZ.
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Figure 14. Detailed photo with a black-line indication of the scrapping channel.

The second anomaly that can be displayed in the image PAZ course corresponds to
the section of one of the paths to Clunia studied by Camacho [39–41] and that also is only
observable in flight USAF 1957 (Figure 13b).

3.5. The Burial Area, Los Rodeles II

Around the Alto de Castro, there are three large funerary spaces distributed from
south to east, between the middle area of the hillside and the plain of the Arandilla River.
The most obvious sample can be found on a terrace at the foot of the Cuevas Ciegas access
point, in the site called Torreón, where the remains of an imposing structure identified
as a mausoleum are preserved, surely dedicated to a prominent figure [39] (p.268). It is,
therefore, a necropolis on the access road to the city, which is also connected to the presence
of other possible funerary monuments at nearby points on the same hillside. In its vicinity
is the funeral route located in the fertile plain of Arandilla, registered as Rodeles II. In the
latter case, aerial photography made it possible to determine that the site is made up of a
series of structures and enclosures associated with a road that crosses the river [41]. There
is no doubt that these are funeral precincts, such as those mentioned above, distributed on
both sides of the road [40] (pp.267–268), [38] (pp. 220–222).

The observation of the site of Rodeles II (Figure 15) has allowed us to find PNOA
images from 2011, in which it was possible to identify the structures almost at the same level
of visualization and clarity of the aerial photographs taken in this area. These structures
can also be seen in the infrared image of LiDAR of the PNOA flight. To complete the works,
we carried out PCA analytics and a calculation of the vegetation indices, among which the
Perpendicular Vegetation Index [42] (Figure 15e) has stood out. When compared with the
radar image resulting from the multi-temporal treatment, we saw that the media operation
has left evidence of the anomaly of the track, but lost the information corresponding
to the structures associated with the funeral area. For this reason, we carried out an
individual treatment of one of the PAZ images, the one from 29 August 2019, which reveals
the presence of the aforementioned structures that perpendicularly cross the funeral via
(Figure 15b).
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Figure 15. (a) PNOA 2011 50 cm (Bands B, B, IR); (b) PAZ 29 August; (c) USAF flight 1957; (d) LiDAR
PNOA IR RG (Bands R R G); (e) Perpendicular Vegetation Index (Walther and Shabaani); (f) Google
satellite QuickMapService..

4. Discussion

According to Stewart et al. [30], remote sensing with SAR has only been fully suc-
cessful in areas covered by sand. On the other hand, Dore et al. [43] maintained that the
characteristics of these types of SAR sensors (independent of the external light source,
penetration areas cloud cover, or soil penetration) have extended the limits of acquisitions
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from optical satellites, and the combined use of both types of sensors in archaeological
remote sensing research was advisable. Stewart himself [29] also showed the potential to
also use multispectral reflectance and radar in a combined manner, although in this case
he delved into the use of interferometric coherence. This combination could help in the
detection and interpretation of changes that could affect archaeological sites, such as, for
example, illegal excavations.

However, the use of SAR has had results of interest in non-arid and vegetated areas, as
is the case in Lazio [29,30] with the detection of archaeological forms, combining results of
SAR intensity and interferometry. In both cases, the probability of locating archaeological
structures has increased.

According to Monterroso and Martinez [8], it is in spaces of cultivated soils where it
seems easier to interpret the SAR-X images compared to bare soils, as Stewart et al. [44]
(p. 204, 208) in the Portus de Ostia. In addition, continued Monterroso and Martinez, this
interpretation was maintained in cases in which there are periods of intense rain with soils
humidity indexes higher than the annual index.

In the current case, the selection of PAZ images was carried out in meteorological
contexts in months with significant differences between the maximum and minimum high
temperatures, with little rainfall. It should be noted, however, that the best possible picture
has display elements such as the zone Rodeles II, precisely performed after one of two rainy
pulsations occurred in August 2019 (Table 2, T.Max: 25.07; T.Min: 14; T.Med: 19.9 Prec.:
2.4 mm). Let us also bear in mind that the space where this deposit is located corresponds
precisely to cultivated soils, or in cultivation period.

Table 2. Source data from the AEMET meteorological station of Coruña del Conde (Burgos). (Web
source database: https://es.meteosolana.net/estacion/2106B, accessed on 23 April 2021).

Month/Year T (Average)
Max

T (Mean)
Min T. Average Prec (mm) Images PAZ

Involved

Aug 2019 29.6 ◦C 14.4 ◦C 22 ◦C 3.6 1

Sep 2019 24 ◦C 9.9 ◦C 17 ◦C 72 2

Oct 2019 18.9 ◦C 8 ◦C 13.5 ◦C 35.8 1

Jul 2020 31.6 ◦C 14.3 ◦C 22.9 ◦C 16.8 1

Aug 2020 28.6 ◦C 13.5 ◦C 21.1 ◦C 15 1

On the other hand, we have seen that the application of the co-register function with
a stack of temporally spaced images provides more clarifying results than the individual
analysis of each of the images, except in one of the areas—the one corresponding to the
Rodeles II.

Our analysis of the SAR images confirms one of the first utilities, and it is the possibility
of detecting hydraulic or road infrastructures as we had indicated when analysing the area
of Cuevas Ciegas or Rodeles II, or also, elements that can help to complete one of the most
interesting aspects of the study of Clunia as its urban organization may be. On the other
hand, in Rodeles II, we were able to confirm that better results are obtained on cultivated
soils since these remains were found in a cultivated area in front of spaces of the site itself
that stopped being cultivated at the end of the 20th century.

It remains to be determined whether the anomalies apparently identified in the forum
area actually correspond to building structures. It is interesting to have verified that
the anomalies were detected by analysing sources of information as varied as radar or
multispectral images.

5. Conclusions

Above all, throughout this work, we were able to verify the possibilities of using
SAR-X radar images in non-invasive archaeological prospecting. However, we understand

https://es.meteosolana.net/estacion/2106B
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up to the time of our research, and as other authors have already indicated, that the use of
this technology must be accompanied by other sources in result of remote sensing, such as
multispectral optical images or thermal images. In that sense, our future interest lies in
adding other analyticals such as polarimetry SAR, as described by Stewart, Lasaponara
and Sciavon [45], or to perform flights at low-altitude UAV using thermal and multispectral
cameras, combined with geophysical surveys to check the results. Recent works are already
developing by us in other archaeological areas. As we mentioned at the beginning of this
work, we are experimenting with the PAZ data in other areas with different geographical
characteristics, such as the already mentioned Oxirrinco (Egypt) or Cosa (Italy). The same
SAR-X image analysis techniques described in the text were applied. However, it is still
pending a review and comparison with other sources, such as multispectral images. Our
long-term objective is to review and determine in greater detail the physical and seasonal
conditions in which SAR-X data can provide the best results in the search for archaeological
elements.

We see that the application of a multi-temporal treatment on the radar images helps
to enhance the resulting images against individual scenes.

On the other hand, the detection of anomalies in the area of the forum using various
non-invasive analysis systems opens up new urban unknowns associated with the moments
before and after the construction of the forum that will have to be verified in archaeological
interventions.
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